Previous studies have argued that enhanced activity of the epidermal growth factor receptor (EGFR) and the mitogen-activated protein kinase (MAPK) pathway can promote tumor cell survival in response to cytotoxic insults. In this study, we examined the impact of MAPK signaling on the survival of primary hepatocytes exposed to low concentrations of deoxycholic acid (DCA, 50 M). Treatment of hepatocytes with DCA caused MAPK activation, which was dependent upon ligand independent activation of EGFR, and downstream signaling through Ras and PI 3 kinase. Neither inhibition of MAPK signaling alone by MEK1/2 inhibitors, nor exposure to DCA alone, enhanced basal hepatocyte apoptosis, whereas inhibition of DCA-induced MAPK activation caused ϳ25% apoptosis within 6 h. Similar data were also obtained when either dominant negative EGFR-CD533 or dominant negative Ras N17 were used to block MAPK activation. DCA-induced apoptosis correlated with sequential cleavage of procaspase 8, BID, procaspase 9, and procaspase 3. Inhibition of MAPK potentiated bile acid-induced apoptosis in hepatocytes with mutant FAS-ligand, but did not enhance in hepatocytes that were null for FAS receptor expression. These data argues that DCA is causing ligand independent activation of the FAS receptor to stimulate an apoptotic response, which is counteracted by enhanced ligand-independent EGFR/MAPK signaling. In agreement with FAS-mediated cell killing, inhibition of caspase function with the use of dominant negative Fas-associated protein with death domain, a caspase 8 inhibitor (Ile-Glu-Thr-Asp-p-nitroanilide [IETD]) or dominant negative procaspase 8 blocked the potentiation of bile acid-induced apoptosis. Inhibition of bile acid-induced MAPK signaling enhanced the cleavage of BID and release of cytochrome c from mitochondria, which were all blocked by IETD. Despite activation of caspase 8, expression of dominant negative procaspase 9 blocked procaspase 3 cleavage and the potentiation of DCA-induced apoptosis. Treatment of hepatocytes with DCA transiently increased expression of the caspase 8 inhibitor proteins c-FLIP-S and c-FLIP-L that were reduced by inhibition of MAPK or PI 3 kinase. Constitutive overexpression of c-FLIP-s abolished the potentiation of bile acid-induced apoptosis. Collectively, our data argue that loss of DCA-induced EGFR/Ras/MAPK pathway function potentiates DCA-stimulated FAS-induced hepatocyte cell death via a reduction in the expression of c-FLIP isoforms. 
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INTRODUCTION
Bile acids are steroid molecules synthesized by the liver and are essential for the digestion and uptake of certain nutrients (Benage and O'Connor, 1990) . Hydrophobic bile acids are known to have hepatocellular toxicity both in vivo and in vitro (Schmucker et al., 1990; Noto et al., 1998; Faubion et al., 1999; Miyoshi et al., 1999) . Conjugation of bile acids to glycine and taurine is one mechanism by which an organism can decrease the hydrophobicity of a bile acid (Rust et al., 2000; Martinez-Diez et al., 2000) . This can result in bile acid-conjugate molecules that are less cytotoxic at physiological concentrations (Patel et al., 1994) . Toxic bile acids, when retained within the liver because of impaired secretion into the bile canaliculi, are believed to contribute to liver injury during cholestasis, leading to the development of primary biliary cirrhosis of the liver, cholangiocarcinoma, and liver failure (Bloomer et al., 1976; Koeppel et al., 1997; Neuberger, 1997, Celli and Que, 1998; Heathcote, 1999; Trauner et al., 1999; Poupon et al., 2000) . Apart from their toxicity to the liver, bile acids have also been shown to be involved in the pathogenesis of other gastrointestinal malignancies, such as colorectal cancer (Schlottman et al., 2000) . Therefore, the balance between the effects of toxic and nontoxic bile acids is one determinant for liver injury. However, the mechanisms of bile acid-induced liver injury are still not fully understood.
In cholestatic liver diseases, although bile ducts receive the initial insult from toxic bile salts, the progression of the liver disease is principally the result of hepatic parenchymal cell (hepatocyte) damage caused by toxic hydrophobic bile salts (Gores et al., 1998) . Several mechanisms have been proposed to be responsible for the bile acid-induced liver injury. Previous studies have argued that mitochondriaderived free radicals may be one early event in hydrophobic bile acid-induced hepatocyte toxicity (Sokol et al., 1995 (Sokol et al., , 1998 . To further support this concept, antioxidants can abrogate bile acid-induced hepatocellular injury (Yerushalmi et al., 2001) .
Numerous studies, from in vitro as well in vivo experiments, have shown that when hepatocytes are exposed to bile acids, two types of cellular injury can occur. Higher concentrations of bile acid induce necrosis (Spivey et al., 1993; Krahenbuhl et al., 1994; Botla et al., 1995) , whereas lower concentrations lead to apoptosis (Patel et al., 1994; Kwo et al., 1995) . Indeed, apoptosis is a common mode of cell death that occurs in many tissues in response to a large variety of physiological and pathological stimuli (Thompson, 1995) . In the liver, apoptosis has been implicated as an important form of cell death in various liver diseases, including viral hepatitis, alchoholic liver diseases, cholestasis, toxin-induced liver diseases, allograft rejection reaction after liver transplantation, and hepatocellular carcinoma (Benedetti and Marucci, 1999; Kaplowitz, 2000) .
Despite intensive investigation, the molecular events by which bile acids control the functions of intracellular signal transduction pathways remain poorly described. In addition, the mechanisms by which signaling pathways control bile acid-induced hepatocyte apoptosis have not yet been fully elucidated. Recent studies have suggested that either the death receptor FAS or alterations in mitochondrial function can be involved in bile acid-induced hepatocyte injury (Faubion et al., 1999; Miyoshi et al., 1999; Sodeman et al., 2000) . Other studies have suggested that the therapeutic effect of tauroursodeoxycholate may be mediated by activation of the mitogen-activated protein kinase (MAPK) pathway (Schliess et al., 1997) .
Recently, bile acids have been shown to activate multiple signaling pathways within cells and can alter their survival and proliferation (Stravitz et al., 1996; Rao et al., 1997; Webster and Answer, 1998) . This may be similar to other toxic stresses such as chemotherapeutic drugs and ionizing radiation Dent et al., 1999) . In response to ionizing radiation, for example, several groups have shown that the epidermal growth factor receptor (EGFR) is activated in a ligand-independent manner in response to irradiation of carcinoma cells . Radiation exposure, via activation of the EGFR, can activate the MAPK pathway to a level similar to that observed by physiological EGF concentrations (Schmidt-Ullrich et al., 1997; Jarvis et al., 1998; Reardon et al., 1999) . Increased signaling by the EGFR/ MAPK pathway also appears to be cytoprotective versus ionizing radiation and various cytotoxic drugs in a diverse range cancer cell lines, although the precise mechanism(s) by which this occurred were unclear Schmidt-Ullrich et al., 2000) . Indeed, functional inhibition of EGFR (Harari and Huang, 2001 ), Ras (Cohen-Jonathan et al., 2000) , Raf-1 (O'Dwyer et al., 1999) , and MEK1/2 (Sebolt- Leopold et al., 1999) have all been shown to have radio-and chemosensitizing properties in vitro and in vivo. That cytotoxic stresses can activate the EGFR/Ras/MAPK signaling module also supports the concept that certain stresses may have a self-limiting effect upon their toxicity due to activation of the MAPK pathway.
The studies reported in this article were performed to determine the molecular mechanism(s) by which low concentrations of the bile acid deoxycholic acid (DCA) activate the MAPK pathway in primary hepatocytes, and whether DCA-induced MAPK signaling was cytoprotective versus bile acid-induced hepatocyte cell death. We found that DCA caused ligand-independent activation of both the EGFR and FAS receptors in primary hepatocytes. DCA-induced EGFR signaling, via the MAPK pathway, counteracted DCA-induced death signaling from the FAS receptor.
MATERIALS AND METHODS

Materials
Deoxycholic acid, dimethyl sulfoxide (DMSO), bromophenol blue, Triazma base, EDTA, Triton X-100, leupeptin, pepstatin, aprotinin, phenylmethylsulfonyl fluoride, mercaptoethanol, collagenase type IV, and poly-l-lysine hydrobromide were all obtained from Sigma (St. Louis, MO). Anti-caspase 3, anti-caspase 8, anti-caspase 9, phospho-ERK (P-ERK), anti-poly-(ADP-ribose) polymerase, anti-BID, anti-Bcl-2, anti-Bcl-XL , and all the secondary antibodies (anti-rabbithorseradish peroxidase [HRP] , anti-mouse-HRP, and anti-goat-HRP) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies versus c-IAP-1 and c-FLIP isoforms were as in Stoka et al. (2001) . Anti-cytochrome c antibody was from PharMingen (San Diego, CA). Enhanced chemiluminescence (ECL) kit was purchased from PerkinElmer Life Science Products (Boston, MA). Caspase inhibitor (Z-VAD-FMK), caspase 9 inhibitor (Z-LEHD-FMK), and caspase 8 inhibitor (Z-IETD-FMK) were purchased from Enzyme System Products (Livermore, CA), dissolved in DMSO, and stored at 4°C. The pan-inhibitor of PI 3 kinases (LY294002) was from Calbiochem (San Diego, CA). The specific inhibitors for MEK1/2 PD98059 and PD184352, and U0126 were gifts from Parke-Davis (Ann Arbor, MI) and DuPont Pharmaceuticals (Wilmington, DE), respectively. Trypsin-EDTA, Williams medium E, and penicillinstreptomycin were purchased from Invitrogen (Carlsbad, CA). Hoechst 33342 and DiOC6 were purchased from Molecular Probes (Eugene, OR). FluroGard Antifade was purchased from Bio-Rad (Bio-Rad, Hercules, CA) (Wang et al., 1998a; Bajt et al., 2000; Park et al., 2000a,b) .
Methods
Primary Culture of Rodent Hepatocytes. Hepatocytes were isolated from adult male Sprague-Dawley rats and adult male mice C57/BL6 wild type; C57/BL6-lpr (FAS receptor null); C57/BL6-gld (FAS ligand mutant); by the two-step collagenase perfusion technique (Kamath et al., 1999; Park et al., 2000a,b) . The freshly isolated cells were plated on rat-tail collagen (Vitrogen)-coated 12-well plastic dishes at a density of 2 ϫ 10 5 cells/well, and cultured in Williams E medium supplemented with 250 nM insulin, 0.1 nM dexamethasone, 1 nM thyroxine, and 100 g/ml penicillin/streptomycin, at 37°C in a humidified atmosphere containing 5% CO 2 . The initial medium change was performed 3-4 h after cell seeding to minimize the contamination of dead or mechanically damaged cells. The cells were further incubated in the above-mentioned condition overnight and then treated with bile acids as described below.
Human Hepatocyte Culture and Isolation. Human hepatocytes were isolated and transported from the University of Pittsburgh to Virginia Commonwealth University on ice. Cells were warmed to 37°C and cultured in Williams E medium supplemented with 250 nM insulin, 0.1 nM dexamethasone, 1 nM thyroxine, and 100 g/ml penicillin/streptomycin, at 37°C in a humidified atmosphere containing 5% CO 2 , 12 h before bile acid treatment.
Recombinant Adenoviral Vectors; Generation and Infection In Vitro. Two adenoviral technologies were used. Replication defective adenovirus is conjugated to poly-l-lysine as described in (Auer et al., 1998) . The DNA conjugated virus was added to hepatocytes at a multiplicity of infection (MOI) of 250 and the cells incubated for 4 h at 37°C. The cells were washed with media to remove virus. Cells express transduced gene products 10 -24h after infection. With the use of a plasmid to express ␤-galactosidase under control of the CMV-promoter, we determined that 1 g of plasmid conjugated to virus particles and infected into mouse hepatocytes before plating at an MOI of 250 gave 100% infection. Second, we generated recombinant adenoviruses with the use of recombination in bacteria. Hepatocytes were infected with recombinant adenoviruses at an approximate MOI of 30. . The infection of hepatocytes by replication-defective adenovirus was essentially performed as described previously (Auer et al., 1998) . Briefly, viral vectors and plasmid DNA are conjugated to poly-l-lysine. Three to 4 h after cell seeding, the DNA-conjugated virus was added to hepatocytes at a multiplicity of infection (MOI) of 250, and the cells were incubated for 4 h at 37°C on a rocker to ensure homogenous contact of virus particles with the cells. The cells were then washed with fresh media to remove virus that are not taken-up by cells. Cells were further incubated for 24 h to ensure adequate expression of transduced gene products.
Infection of Primary
Hepatocytes by Recombinant Adenoviral Vectors (Bcl-2, Bcl-XL , MEK1 EE, CMV). The infection of hepatocytes by recombinant adenoviral vectors was also performed as described previously (Auer et al., 1998) . Briefly, 3-4 h after the freshly isolated hepatocytes were incubated in the 37°C incubator, the recombinant adenoviral vectors carrying the genes of interest (Bcl-XL , Bcl-2, MEK1 EE) at the MOI of 30 were added to hepatocytes, and the cells were incubated for 4 h in a 37°C incubator on a rocker. The cells were washed with fresh media to remove virus that are not taken up by cells. Cells were incubated for 24 h before further experiments to ensure adequate expression of transduced gene products.
Hepatocyte Treatment with DCA. DCA sodium salt was dissolved in sterile Milli-Q water at a concentration of 100 mM and stored at B201C as stock solution. Hepatocytes were treated with the indicated concentrations of DCA for the indicated times. Cells treated in the same way but without DCA were regarded as controls.
SDS-PAGE and Western Blot Analysis.
At various time points after indicated treatment, hepatocytes were lysed in whole-cell lysis buffer (0.5 M Tris-HCl, pH 6.8, 2%SDS, 10% glycerol, 1% ␤-mercaptoethanol, 0.02% bromophenol blue), and the samples were boiled for 30 min. The boiled samples were loaded onto 14% SDS-PAGE and electrophoresis was run overnight. Proteins were electrophoretically transferred onto 0.22-m pure nitrocellulose (NitroBind; Osmonics, Wesborough, MA) and immunoblotted with various primary antibodies against different proteins. The membranes were washed three times, each for 10 min in Tris-buffered saline with Tween and followed by incubation with appropriate HRP-conjugated secondary antibodies. All immunoblots were visualized by ECL.
Morphological Detection of Apoptosis by H-33342
Assay. Morphological assessment of apoptosis was performed as follows. Hepatocytes were harvested by trypsinization with Trypsin/EDTA for ϳ10 min at 37°C and sedimentation at 1500 rpm for 5 min. Because some apoptotic cells detached from the culture substratum into the medium, these cells were also collected by centrifugation of the medium at 1500 rpm for 5 min. The pooled cell pellets were resuspended in phosphate-buffered saline (PBS) and a fraction of the suspension was centrifuged at 800 rpm for 10 min in a cytospinner (Cytospin 3; Shandon, Pittsburgh, PA). The slides were immediately fixed in methanol/glacial acetic acid (3:1) for 30 min at 4°C. The slides were then washed with PBS for 10 min three times. The fixed cells were stained in Hoechst 33342 (10 g/ml) for 30 min, followed by three washes in PBS to remove excessive dye, air-dried, and mounted in FluroGard Antifade. Nuclear morphology was evaluated with the use of an Olympus fluorescent microscope at excitation and emission wavelengths of 360 and 460 nm, respectively. Apoptotic cells were identified as those whose nuclei exhibited brightly staining condensed chromatin or nuclear fragmentation or apoptotic bodies. Five hundred cells from several randomly chosen fields were counted and the number of apoptotic cells was counted and expressed as a percentage of the total number of cells counted.
Wright-Giemsa Staining. To confirm the morphological findings by H33342 assay, we also used Wright-Giemsa staining to evaluate apoptosis. The cells were trysinized and cytospun onto the slides, as described above. The slides were fixed and stained in Diff-Quik Stain set (Dade Diagnostics, Aguada, Puerto Rico), according to the manufacturer's instruction, and viewed under light microscope. Apoptotic cells were counted and expressed as a percentage of the total number of cells counted.
Determination of Apoptosis by Terminal Deoxynucleotidyl Transferase-mediated dUTP Nick End Labeling (TUNEL).
After hepatocytes were treated with various regimes, cells were collected by trypsinization followed by cytospin onto glass slides, as described above. Cells were fixed in methanol/glacial acetic acid (3:1) for 30 min at 4°C, and TUNEL assay was performed on these cells according to the manufacturer's instructions. The slides were viewed under the fluorescence microscope and the TUNEL-positive cells were counted from five randomly selected fields, and expressed as a percentage of total cells counted.
Assessment of Mitochondrial Membrane Potential (⌬⌿m).
Mitochondrial membrane potential was determined by the retention of the dye 3,3Ј-dihexyloxacarbocyanine (DiOC 6 ). At the indicated intervals, cells were harvested by trypsinization and centrifugation, as described above. An aliquot of 2-4 ϫ 10 5 cells were resuspended in 1 ml of the phenol red-free medium containing 1 nM DiOC 6 (final concentration) and incubated for 30 min at 37°C. The level of retained DiOC 6 was analyzed on a FACScan cytofluorometer with excitation and emission settings of 488 and 525 nm, respectively. The percentage of cells exhibiting low levels of DiOC 6 , reflecting loss of mitochondrial membrane potential, was recorded.
Cytochrome c Release The release of cytochrome c from mitochondria was analyzed by a selective digitonin permeabilization method, as reported previously (Leist et al., 1998) . Briefly, at the indicated time points, the culture medium was removed and the cells were trypsinized with the use of trypsin-EDTA. The cells were harvested by sedimentation at 2500 rpm for 5 min, washed in PBS, and counted. An aliquot of 4 ϫ 10 6 cells was resuspended in 100 l of permeabilization buffer containing 75 mM NaCl, 8 mM Na 2 PO 4 , 1 mM NaH 2 PO 4 , pH 7.4, 250 mM sucrose (added fresh before use), 1 mM EDTA, 350 g/ml digitonin (final concentration 35 g/4 ϫ 10 6 cells). Cells were incubated in the above-described buffer for 30 s and then the permeabilization buffer was removed by centrifugation for 1 min at 13,000 ϫ g. Protein from the supernatants of this centrifugation was mixed with equal volume of 2 ϫ cell lysis buffer, boiled at 100°C for 15 min, and separated on a 15% SDS-PAGE. The protein was transferred to nitrocellulose membrane and probed by with the use of primary monoclonal anti-cytochrome c antibody (1:500) overnight. Cytochrome c was detected with ECL detection reagents.
Protein Tyrosine Phosphatase Assay (PTPase Activity). Cellular PTP activity was assessed by an in vitro assay with autophosphorylated EGFR as substrate. EGFR was purified from A431 cells by affinity chromatography on lentil lectin Sepharose as previously described (Tomic et al., 1995) . The affinity purified 32 P-EGFR was eluted from Sepharose beads with 0.3 M mannose. Heptocytes were treated with 50 M DCA and 5 min after treatment washed twice with ice-cold PBS, and immediately scrapped into 150 l of degassed lysis buffer (50 mM HEPES, pH 7.4, 150 mM Na Cl, 1% Triton X-100, 1 mM EDTA, 20 mM NaF, 10% glycerol, 1 mg/ml bovine serum albumin, 1 g/ml each aprotinin and leupeptin. Lysates were equilibrated on ice for 10 min and after a 5-min microcentrifugation, the resulting supernatants were assayed for PTPase activity. The PTP assay was initiated by adding 20 l of EGFR substrate (ϳ 4 ϫ 10 4 cpm) to 20 l lysate (ϳ20 g of protein) at room temperature. After 5 and 10 min, PTP activity was terminated by the addition of ice-cold trichloroacetic acid to 10% (wt/vol) final. After microcentrifugation for 5 min, 32 Pi radioactivity in the supernatants was determined by liquid scintillation spectroscopy as a measure of PTPase activity.
Assay for DNA Synthesis in Primary Hepatocytes. For this purpose, after cells were treated with respective regimes, hepatocytes were further incubated in the presence of 4 Ci of [ 3 H]thymidine/ml of culture media for 24 h. The cells were then lysed with 0.5 M NaOH and DNA-precipitated with 12.5% (wt/vol) trichloroacetic acid. Acid-precipitable material was recovered by high-speed centrifugation and washed three times with 5% (wt/vol) trichloroacetic acid, and [ 3 H]thymidine incorporation into DNA was quantified by liquid scintillation spectrometry.
Protein Assay. Protein concentration of each sample was determined by the method of Bradford (1976) . Bovine serum albumin was used to generate standard curve.
Data Analysis.
Comparison of the effects of various treatments was performed with the use of one-way analysis of variance and a two-tailed t test. Differences with a p value of Ͻ0.05 were considered statistically significant. Experiments shown are the means of multiple individual points (Ϯ SEM).
RESULTS
Treatment of Primary Rat Hepatocytes with DCA Activates EGFR/Ras/MAPK Signaling Module
DCA is found in human and rodent bile ducts over a broad concentration range, from ϳ10 to 100 M ( Thomas et al., 2000) . Levels of DCA, however, can be much higher in the colon (Qiao et al., 2001) . Treatment of primary hepatocytes with either DCA or EGF caused a rapid activation of the EGFR (Figure 1) , as judged by receptor tyrosine phosphorylation. Tyrosine phosphorylation of EGFR was blocked by AG1478, a specific tyrphostin inhibitor of EGFR, and by dominant negative EGFR-CD533, as previously reported Reardon et al., 1999; our unpublished results) . The DCA-induced increase in EGFR tyrosine phosphorylation correlated with a reduction in total cellular protein tyrosine phosphatase activity, as measured in vitro versus purified 32 P-phosphorylated-EGFR (Figure 1 ). Activation of the EGFR by DCA was not blocked by incubating cells with neutralizing antibodies versus autocrine ligands of EGFR, either transforming growth factor-␣ or EGF, arguing that DCA-induced EGFR activation is ligandindependent (our unpublished results; in agreement with Dent et al., 1999; Hagan et al., 2000) .
Since exposure of hepatocytes to DCA activated the EGFR, we next investigated whether it also activated a downstream signal transduction cascade, the MAPK pathway. Growth factor signaling by the EGFR to MAPK in primary hepatocytes is mediated via the proto-oncogenes Ras and Raf-1 (Auer et al., 1998) . In agreement with previous findings for growth factor stimulation and our results in Figure 1 , expression of either dominant negative EGFR-CD533 or dominant negative Ras N17 blocked MAPK activation by DCA (Figure 2A ). DCA caused a prolonged potent activation of MAPK for Ͼ4 h that was abolished by the free radical scavenger N-acetyl cysteine (our unpublished results). However, down-regulation of "classical" protein kinase C (PKC) isoform expression by a 24-h preincubation with bryostatin 1 did not abolish MAPK activation (Figure 2A) . MAPK activation by DCA was completely blocked by multiple chemically dissimilar MEK1/2 inhibitors and by Ͼ70% for 120 min after treatment with the use of inhibitors of PI 3 kinase LY294002 and wortmanin (Figure 2B , inset; our unpublished observations).
MAPK Inhibition Promotes Cell Death in Primary Hepatocytes Treated with DCA
Several studies have argued that a variety of different bile acids at high concentrations (Ͼ250 M) can cause apoptosis in primary hepatocytes (Patel et al., 1994; Miyoshi et al., 1999; Martinez-Diez et al., 2000; Rust et al., 2000) . In addition, we have found that the killing of tumor cells exposed to cytotoxic stresses can frequently be enhanced by inhibition of the EGFR/Ras/MAPK pathway . Because of these findings, we next examined whether inhibition of DCA-induced EGFR/Ras/MAPK signaling impacted on hepatocyte cell survival.
Exposure of primary rat hepatocytes to either 50 M DCA or 50 M PD98059 did not significantly increase basal apoptosis within 6 h. Combined exposure to both DCA and PD98059, however, enhanced apoptosis from ϳ2 to ϳ20 -25% within 6 h ( Figure 3A) . Treatment of rat hepatocytes with higher concentrations of bile acid alone resulted in apoptosis, which was further potentiated by MAPK inhibition ( Figure 3A) . The apoptotic response of rat hepatocytes was also potentiated by a variety of MEK1/2 inhibitors ( Figure 3B ). Treatment of primary mouse and primary human hepatocytes with either 50 -150 M DCA or 50 M PD98059 also did not significantly increase basal apoptosis within 6 h. However, combined exposure to both DCA and PD98059 in these cells enhanced apoptosis from ϳ1 to ϳ20% within 6 h ( Figure 3C ). Similar data were obtained with the use of the inhibitors of PI 3 kinase, wortmanin and LY294002, in agreement with the ability of these drugs to also blunt MAPK activation ( Figure 3D ).
In Figures 1 and 2 , we demonstrated that inhibition of either EGFR or Ras function blocked the ability of DCA to activate MAPK. We thus examined whether EGFR-CD533 or Ras N17 could also potentiate DCA-induced apoptosis (Figure 4) . Inhibition of EGFR function by EGFR-CD533 or inhibition of Ras function by Ras N17 potentiated DCA-induced apoptosis to within ϳ75-100% of the value observed for direct inhibition of the MAPK pathway (Figure 4 ; cf. Figure 3A) . Similar data were obtained in primary mouse and primary human hepatocytes (our unpublished results). Collectively, the data in Figures 3 and 4 demonstrate that DCA-induced EGFR/Ras/MAPK activity is a cytoprotective response of primary rodent and human hepatocytes to DCA exposure.
Inhibition of MAPK Signaling Enhances Bile AcidInduced Cleavage of Procaspases and BID, which Correlates with Loss of Mitochondrial Membrane Permeability Transition and Release of Cytochrome c
Because we had observed apoptosis in Figures 3 and 4 , we next examined the activation of caspases in primary hepatocytes. Exposure of rat hepatocytes to either DCA or MEK1/2 inhibitor alone caused little alteration in the protein levels of the executioner caspase procaspase 3 over 6 h ( Figure 5A ). However, combined exposure to DCA and MEK1/2 inhibitor resulted in a time-dependent reduction in the protein levels of p32 procaspase 3 and an increase in the cleaved active p17 form of the molecule. The appearance of the cleaved active form of the caspase 3 molecule was readily detectable only ϳ4 -6h after treatment. Because of these findings, we determined the integrity of other caspase enzymes, 0 -6 h after treatment, which may be potentially upstream of procaspase 3: procaspase 8 ( Figure 5B ) and procaspase 9 ( Figure 5C ). Appearance of the p20 caspase 8 cleavage product was observed as early as ϳ1-2 h after exposure without an apparent large alteration in p55 procaspase 8 levels, whereas cleavage of procaspase 9 occurred later, within a similar time frame to that observed for procaspase 3 (ϳ3-6 h). Activated caspase 8 has been proposed to promote procaspase 9 activation via cleavage of BID, resulting in BID translocation to the mitochondria, leading to release of cytochrome c and activation of procaspase 9. Combined exposure to DCA and MEK1/2 inhibitor promoted loss of the mitochondrial membrane permeability potential 2 h after exposure ( Figure 5D ), which correlated Figure 1 . Deoxycholic acid inhibits PTPase activity in hepatocytes, leading to activation of the EGFR and MAPK pathway. Cells were treated with DCA and 5 min after addition, cells were lysed and cellular PTPase activity was measured in vitro versus phospho-EGFR, as described in MATERIALS AND METHODS. Data shown represent the rate of 32 P release from phospho-EGFR (per min) from the means Ϯ SEM of four determinations. *p Ͻ 0.05 less than control. (Inset) Cells were treated with DCA and either vehicle control (VEH, DMSO), AG1478 (1 M) or infected with a recombinant adenovirus to express dominant negative EGFR-CD533. EGFR was immunoprecipitated 0 -10 min after addition. Immunoprecipitates were subjected to SDS-PAGE followed by immunoblotting versus either anti-EGFR or antiphosphotyrosine. A representative experiment is shown (n ϭ 4).
with cleavage of BID ( Figure 5D , inset) and release of cytochrome c into the cytosol ( Figure 5D, inset) .
Incubation of hepatocytes with either the pan-caspase inhibitor z-VAD-fmk, the caspase 8-specific inhibitor IETDfmk, or the caspase 3-specific inhibitor DEVD-fmk blocked the potentiation of bile acid-induced apoptosis by MAPK inhibition ( Figure 6A ). Furthermore, cleavage of all procaspases was blocked by incubation of cells with IETD-fmk Figure 2 . DCA-induced activation of MAPK proceeds via the proto-oncogene Ras and not via classical PKC isoforms. (A) Cells were either pretreated with vehicle control (DMSO, VEH), bryostatin 1 (10 nM), or infected with either recombinant adenoviruses to express Ras N17, EGFR-CD533, or a null virus. Twenty-four hours after initial treatment/infection, cells were exposed to DCA (50 M) and/or vehicle control (H 2 O, VEH), and 20 min after exposure, MAPK immunoprecipitated. Cells were lysed and portions (ϳ100 g) from each plate well used to immunoprecipitate MAPK followed by immune-complex kinase assays as described in MATERIALS AND METHODS. (Inset) Cells were treated with 50 M DCA in the presence or absence of either EGFR-CD533 or Ras N17 and MAPK activity determined Ͼ0 -360 min by immunoblotting of cell lysates. Lysates were subjected to SDS-PAGE followed by immunoblotting versus antiphospho-MAPK antibody. A representative experiment is shown (n ϭ 3). (B) DCA activates MAPK in hepatocytes, which is blocked by multiple small molecular weight chemical inhibitors of MEK1/2, dominant negative MEK1, and inhibitors of PI 3 kinase. Cells were infected with either poly-l-lysine-conjugated adenoviruses to express either dominant negative MEK1 S217A or a null virus. Twenty-four hours after infection, cells were pretreated with either vehicle control (DMSO, VEH) or with PD98059 (50 M), U0126 (5 M), PD184352 (5 M), wortmanin (5 M), or LY294002 (50 M). Cells were exposed to DCA (50 M) and MAPK was activity determined 0 -360 min after addition, via immunoblotting of cell lysates. Lysates were subjected to SDS-PAGE followed by immunoblotting versus antiphospho-MAPK antibody. A representative experiment is shown (n ϭ 3). Figure 5 , A-C). Because peptide inhibitors of caspases may have overlapping specificities with other cytotoxic proteases, e.g., cathespins (Guicciardi et al., 2000) , we also made use of dominant negative caspase molecules. Expression of either dominant negative procaspase 8 or dominant negative FADD blocked the potentiation of bile acid-induced apoptosis by MAPK inhibition ( Figure 6B ). Dominant negative procaspase 8 blocked cleavage of procaspase 3 ( Figure 6B, inset) . Collectively, these findings suggest that low concentrations of DCA rapidly activate a "death receptor"/FADD/caspase 8 pathway, whose proapoptotic function is inhibited by DCA-induced MAPK signaling.
Potentiation of Bile Acid-induced Apoptosis in Primary Mouse Hepatocytes Is Mediated by Ligandindependent and Ligand-dependent Activation of FAS Receptor, which Is Related to Bile Acid Concentration
Because of our data arguing that dominant negative FADD blocked the potentiation of apoptosis, we made use of primary mouse hepatocytes expressing either a nonfunctional mutant FAS ligand or were embryonically deleted for expression of the FAS receptor. Initial studies demonstrated that mouse hepatocytes displayed a similar potentiation of DCA-induced apoptosis to rat hepatocytes when MAPK signaling was inhibited (Figure 7) . Loss of FAS receptor expression abolished DCA alone and DCA plus MEK1/2 inhibitor-induced apoptosis (Figure 7) . Loss of FAS ligand function did not, however, alter the ability of MAPK inhibition to potentiate apoptosis in response to treatment of cells with 50 M DCA (Figure 7 ). These data argue that the potentiation of DCA-induced apoptosis by MAPK inhibition, in response to low concentrations of bile acid, is dependent upon ligand-independent activation of the FAS receptor. When hepatocytes from FAS ligand mutant mice were exposed to a higher concentration of DCA (150 M), a significant reduction in both DCA alone and DCA plus MEK1/2 inhibitor-induced apoptosis was observed, compared with wild-type cells expressing FAS ligand. This finding argues that high concentrations of DCA use liganddependent and ligand-independent mechanisms to induce hepatocyte apoptosis via the FAS receptor.
Caspase 9 Function Is Required to Permit Potentiation of DCA-induced Apoptosis by MAPK Inhibition
Recent studies with the use of TRAIL, a death receptor ligand, have argued that death receptor signaling toward apoptosis in hepatocytes requires caspase 8-stimulated release of cytochrome c from the mitochondrion, leading to activation of procaspase 9 (Jo et al., 2000; Ozoren et al., 2000) . Furthermore, mice null for expression of BID are reported to be resistant to FAS-induced hepatocellular apoptosis, which is independent of Bax function (Yin et al., 1999; Kim et al., 2000) . Inhibition of caspase 8 function maintained the mitochondrial membrane potential 2 h after exposure to DCA and MEK1/2 inhibitor (Figure 8 ), blocked cleavage of BID (Figure 8, inset) , and abolished the release of cytochrome c into the cytosol (Figure 8, inset) . These findings further suggest that the initial primary mechanism by which DCAinduced mitochondrial dysfunction occurs is via a death receptor/caspase 8 pathway.
It has been proposed that active caspase 8 may mediate activation of the downstream executioner procaspase 3 via two overlapping mechanisms. Caspase 8 either directly induces procaspase 3 cleavage or induces cleavage indirectly by a mitochondrial amplification loop requiring BID cleavage, cytochrome c release, and activation of procaspase 9 (Kurosawa et al., 1997; Yin et al., 1999; Chang and Xu, 2000; Ozoren et al., 2000) . Expression of dominant negative procaspase 9 or treatment of cells with a peptide inhibitor of caspase 9, LEHD-fmk, blocked the potentiation of DCAinduced apoptosis by MAPK inhibition (Figure 9 ) and also abolished cleavage of procaspase 3 (Figure 9 , inset). This blockade occurred even though cleavage of procaspase 8 and BID were observed (Figure 9 , inset; our unpublished observations). Furthermore, overexpression of either Bcl-2 or Bcl-XL also inhibited the potentiation of apoptosis ( Figure  9 ). Overexpression of either Bcl-2 or Bcl-XL blocked the release of cytochrome c into the cytosol but did not block appearance of the p20 cleavage product of caspase 8, 2 h after exposure (our unpublished results). Collectively, these data suggest that caspase 8 requires an amplification of its activity, via the mitochondrion and procaspase 9, to achieve activation of procaspase 3 and the apoptotic execution of primary hepatocytes. 
Modulation of Caspase Inhibitor Protein Expression Levels in Rat Hepatocytes Correlates with Potentiation of DCA-induced Apoptosis by MAPK Inhibition
Recent studies in transformed cell types have argued that one mechanism by which MAPK signaling can blunt FASinduced apoptosis is via modulating the expression of caspase inhibitor proteins, e.g., c-FLIP, and mitochondrialassociated antiapoptotic proteins, e.g., Mcl-1 and Bcl-XL (Yeh et al., 1998; Leu et al., 2000; Jost et al., 2001) . We discovered that treatment of rat hepatocytes with DCA increased expression of c-FLIP-S and c-FLIP-L , whose expression was , and the percentage of apoptosis was determined 360 min after addition H-33342. Data the means Ϯ SEM of three independent experiments. (Inset) DCA causes cleavage of procaspase 3, procaspase 8, and procaspase 9, which is potentiated by MAPK inhibition and blocked by peptide inhibitors of caspases. Cells were pretreated with either vehicle or IETD-fmk (20 M) followed 30 min afterward by DCA (50 M) and either vehicle control or PD98059 (50 M), and the protein expression levels of each procaspase were determined 360 min after addition. Data are from a representative experiment (n ϭ 3). (B) DCA increases apoptosis in hepatocytes, which is potentiated by MAPK inhibition and blocked by expression of either dominant negative FADD or dominant negative procaspase 8. Cells were infected with poly-l-lysine-conjugated adenoviruses to express either dominant negative procaspase 8, dominant negative FADD, or a null virus. Twenty-four hours after infection, cells were treated with DCA (50 M) and either vehicle control or PD98059 (50 M) and the percentage of apoptosis was determined 360 min after addition. Data are the means of three experiments Ϯ SEM. (Inset) Dominant negative procaspase 8 blocks cleavage of procaspase 3. Cells were infected with poly-l-lysine-conjugated adenoviruses to express either control plasmid or dominant negative procaspase 8. Twenty-four hours after infection, cells were treated with DCA (50 M) and either vehicle control or PD98059 (50 M), and the protein levels of procaspase 3 were determined 360 min after addition.
almost abolished in cells treated with MEK1/2 inhibitors (Figure 10, inset) . In contrast, a PI 3 kinase inhibitor LY294002 completely abolished expression of c-FLIP-S and c-FLIP-L , regardless of DCA exposure (our unpublished results). DCA did not alter the low total protein levels of Bcl-2, Bax, or BAD, but did, however, enhance expression of Bcl-XL that was blocked by inhibition of MAPK signaling (Figure 10 ; our unpublished results). This was not observed in mouse hepatocytes (our unpublished observations). The apoptosis inhibitor c-FLIP is proposed to modulate death receptor-stimulated apoptosis via inhibition of cytosolic procaspase 8 self-processing in the DISC complex (Irmler et al., 1997; Srinivasula et al., 1997; Yeh et al., 1998) . Because the potentiation of apoptosis in hepatocytes was dependent upon signaling from the FAS receptor, and c-FLIP-s expression was virtually abolished after combined DCA and MEK1/2 inhibitor exposure, we investigated whether enforced expression of c-FLIP-s could blunt the apoptotic response in hepatocytes. Constitutive overexpression of c-FLIP-s abolished the potentiation of apoptosis after combined exposure to DCA and PD98059 (Figure 10 ). Similar data were obtained when an inhibitor of PI 3 kinase was used (our unpublished results). Collectively, our data argue that DCA induces ligand-independent activation of the FAS receptor in hepatocytes that can lead to cell death, but which is blunted by the EGFR/MAPK-dependent enhancement in the expression of c-FLIP-s.
DISCUSSION
Inhibition of the EGFR/Ras/MAPK pathway has been shown to enhance the toxicity of a variety of cellular stresses, and molecules that inhibit EGFR/Ras/MAPK pathway function are currently entering clinical trials to treat cancer. Exposure of either hepatocytes or colonic epithelial cells to Figure 7 . MAPK potentiates apoptosis after treatment with low concentrations of DCA by a ligand-independent activation of the FAS receptor: higher concentrations cause apoptosis via both ligand-dependent and ligand-independent FAS receptor activation. Primary mouse hepatocytes from wild-type, FAS receptor null and FAS ligand mutant mice were isolated as described in MATERIALS AND METHODS. Mouse hepatocytes were treated with DCA (50, 150 M) and either vehicle control or PD98059 (50 M), and the percentage of apoptosis was determined 360 min after addition of H-33342. Data are the means Ϯ SEM of three independent experiments.
% p Ͻ 0.05, less than corresponding value obtained from wild-type hepatocytes. bile acids is also known to cause a variety of cellular stresses, including DNA damage and cell death (Jones et al., 1997) . Furthermore, previous studies have argued that conjugated bile acids can cause apoptosis in hepatocytes, and that the mechanism(s) by which this occurs may be dependent upon ligand-independent signaling from the death receptor FAS/ APO-1/CD95. In contrast, other data have argued that DCA causes apoptosis in hepatocytes by impacting directly upon mitochondrial function, leading to BAX-dependent cytochrome c release into the cytosol (Rodrigues et al., 1998) . The studies in this article were designed to determine the impact of unconjugated deoxycholic acid on MAPK activity and the proliferation and survival of primary rodent and human hepatocytes.
Treatment of hepatocytes with DCA caused a prolonged activation of the both the EGFR and the MAPK pathway.
Activation of the EGFR was ligand-independent and increased tyrosine phosphorylation of EGFR correlated with reduced anti-EGFR protein tyrosine phosphatase activity in cells. Activation of the MAPK pathway was dependent upon EGFR signaling as judged by molecular inhibitors of EGFR function blocking the MAPK response. EGFR and MAPK activation were also blocked by pretreatment of cells with N-acetyl cysteine, which may act to protect protein tyrosine phosphatase activity in cells. Since protein phosphatases tend to have 1-2 orders of magnitude greater catalytic activity than protein kinases (Tonks, 1996) , it is probable that Figure 9 . Inhibition of procaspase 9 function also blocks the potentiation of bile acid-induced apoptosis by MAPK inhibition. DCA increases apoptosis in hepatocytes, which is potentiated by MAPK inhibition and blocked by expression of either Bcl-2, Bcl-XL , dominant negative procaspase 9 or the peptide inhibitor of caspase 9, LEHD-fmk. Cells were infected with poly-l-lysine-conjugated adenoviruses to express either dominant negative procaspase 9 or a null virus. Cells were infected with recombinant adenoviruses to express either Bcl-2, Bcl-XL or a null virus. Twenty-four hours after infection, cells were pretreated with either vehicle control or LEHDfmk (40 M) and cells were subsequently treated with DCA (50 M) and either vehicle control or PD98059 (50 M), and the percentage of apoptosis was determined 360 min after addition of H-33342. Data are the means of three experiments Ϯ SEM. No difference in the apoptotic profile was observed comparing CMV poly-l-lysine virus infected to CMV recombinant virus-infected cells. (Inset) LEHD prevents cleavage of procaspase 3 but not procaspase 8 2 h after exposure. Cells were pretreated with either vehicle or LEHDfmk (20 M) followed 30 min afterward by DCA (50 M) and either vehicle control or PD98059 (50 M), and the expression of p20-cleaved caspase 8 and p17-cleaved caspase 3 determined 120 min after addition. Data are representative of two experiments. DCA-mediated inhibition of phosphatase activity accounts for the activation of the EGFR. The mechanisms by which DCA may reduce tyrosine phosphatase activity in cells, such as the generation of reactive oxygen and nitrogen species, remain to be determined.
DCA activated the EGFR and this signal was transduced to the MAPK pathway via Ras and the PI 3 kinase pathway, as could be expected for treatment of hepatocytes with natural ligands of the EGFR. Several studies have argued that bile acids, including DCA, can activate PKC isoforms, which may play a role in MAPK activation. However, DCA-induced MAPK activation was not dependent upon "classical" PKC enzymes as judged by the inability of bryostatin 1-mediated PKC down-regulation to block MAPK activation. It is possible that other PKC isoforms, which are not downregulated by bryostatin 1, may play a role in DCA-mediated MAPK activation (Rust et al., 2000) .
Bile acids are known to cause apoptosis and as such, treatment of a hepatocyte with a bile acid can be analogized to exposure of cell to a cytotoxic stress. This is of note, because the toxicity of stresses can be amplified when EGFR/Ras/MAPK activation is reduced . Thus, we discovered that when DCA-induced EGFR/Ras/ MAPK signaling was abolished, either by direct inhibition of the MAPK pathway, by inhibition of Ras, by inhibition of PI 3 kinase, or by inhibition of the EGFR, DCA-induced apoptosis was enhanced. This effect was particularly striking at lower concentrations of DCA, which, by themselves, did not cause a significant amount of apoptosis within 6 h but in the presence of MAPK inhibition caused a Ͼ10-fold increase in morbidity above basal levels. Thus, in a similar manner to studies with the use of the drug Ara C, hydrogen peroxide, and ionizing radiation, it appears that DCA is toxic to primary hepatocytes and that DCA has a self-limiting effect on its toxicity by activating the EGFR/Ras/MAPK pathway (Wang et al., 1998a; Schmidt-Ullrich et al., 2000) .
Glycine conjugates of chenodeoxycholic acid have been shown to promote apoptosis in hepatocytes and in these studies, signaling by the novel PKC isoform PKC zeta, via the PI 3 kinase pathway, could play a protective role (Rust et al., 2000) . We found that PI 3 kinase inhibitors blunted DCAinduced MAPK activation in primary hepatocytes by ϳ70% within 2 h after DCA treatment. Since it was during the first 2 h after treatment where the initial cleavage of BID and cytochrome c release occurred, it is likely that a portion of DCA-induced PI 3 kinase signaling plays its cytoprotective role via the MAPK pathway.
Because of the rapid potentiation of apoptosis, we examined the impact of DCA and MAPK inhibition on the expression of procaspase molecules. DCA and MAPK inhibition promoted detectable cleavage of procaspase 8 within 2 h, and procaspase 9 and procaspase 3 within 3-6 h. Of note, however, profound cleavage of p55 procaspase 8 did not occur until 6 h after exposure, suggesting that p55 cleavage at this time is mediated by active caspase 3 rather than from its own autoprocessing in a DISC complex. Dominant negative procaspase 8 or the inhibitor of caspase 8 IETD-fmk blocked the potentiation of apoptosis, as did expression of dominant negative FADD. This finding argues that DCA is recruiting death receptor(s) upstream of procaspase 8 to initiate the apoptotic response, and that these receptors play a key role in the process by which DCA induced apoptosis.
In agreement with the recruitment of death receptor signaling, hepatocytes from mice that did not express the FAS receptor, but of note that still expressed other death receptors capable of forming DISC complexes, were unable to undergo apoptosis in response to either DCA alone or DCA in combination with a MEK1/2 inhibitor. In hepatocytes that expressed a mutant FAS ligand, DCA remained competent to induce apoptosis. Thus, our data tend to favor a mechanism in which DCA caused ligand-independent activation of the FAS receptor that was a primary signaling event in the apoptotic response. How DCA enhanced FAS receptor signaling, perhaps also via the generation of reactive oxygen and nitrogen species, remains to be determined.
From these findings, it appeared that exposure to DCA increased apoptosis in hepatocytes by two overlapping mechanisms. The potentiation of DCA-induced (50 M) apoptosis by MEK1/2 inhibitors was dependent upon a functional FAS receptor, but independent of FAS ligand expression. In contrast, although DCA-induced (150 M) apoptosis was also dependent upon a functional FAS receptor, a reduced potentiation of the apoptotic response by MEK1/2 inhibitors was observed in cells expressing a mutant FAS ligand. This is in contrast to data with other bile acids where FAS ligand has been shown to not play any role in the apoptotic process (Faubion et al., 1999) . Hepatoma cells can lose either FAS-R and/or FAS-L function during transformation. Loss of function within the FAS autocrine loop will thus enhance tumor cell survival in response to multiple toxic agents, including bile acids.
Recently, it was shown that FAS-mediated killing in primary hepatocytes required BID, arguing that active caspase 8 does not directly mediate cleavage and activation of procaspase 3 in primary hepatocytes (Yin et al., 1999) , as has been proposed in other cell types (Bossy-Wetzel and Green, 1999; Engels et al., 2000, and references therein; Ozoren et al., 2000) . Thus, for active caspase 8 to activate executioner procaspases, a mitochondrial amplification loop of BID, cytochrome c release and activation of procaspase 9 would be required. In agreement with this concept, BID was rapidly cleaved in response to combined exposure to DCA and MEK1/2 inhibition. BID cleavage was likely to be a causal factor in the release of cytochrome c in to the cytosol, because incubation of cells with IETD-fmk blocked BID cleavage and cytochrome c release.
Also concordant with a role for a mitochondrial amplification loop in the killing process, expression of dominant negative procaspase 9 or incubation of hepatocytes with a caspase 9 inhibitor LEHD-fmk blocked the potentiation of bile acid apoptosis, even though cleavage of procaspase 8 and BID was observed. Furthermore, treatment of cells with IETD-fmk or overexpression of either Bcl-2 or Bcl-XL also prevented both cytochrome c release and apoptosis. Collectively, these data argue that for bile acid-activated death receptors and caspase 8 to cause apoptosis in primary hepatocytes, an intact mitochondrial amplification loop is required to achieve activation of the executioner procaspase 3 (Yin, 2000) .
Procaspase 8 in some cell systems, but not others, appears to be largely sequestered within the mitochondrion under unstimulated conditions (Zhivotovsky et al., 1999; Qin et al., 2001) . It is possible that the profound cleavage of p55 procaspase 8 we observed 5-6 h after treatment is due to release of mitochondrial procaspase 8 into the cytosol, where it can take part in an amplification loop with active caspase 3 to enhance the apoptotic response, in agreement with the findings of Bajt et al. (2000) . Proapoptotic pore formation between Bcl-2/Bcl-XL and Bax can also enhance translocation of procaspase 8 and cytochrome c into the cytosol (Yin et al., 1999; Kim et al., 2000; Qin et al., 2001 ). However, in other studies, Bax translocation to the mitochondria during apoptosis could be inhibited by IETD-fmk, arguing that Bax translocation is secondary to an initial activation of caspase 8 Gao et al., 2001) . Furthermore, FAS receptor ligation in hepatocytes can cause BID cleavage and cytochrome c release in the absence of Bax expression, although expression of Bax can synergize with BID to cause apoptosis Ruffolo et al., 2000) . Thus, the relative roles of proteins such as Bax in the amplification of DCA-induced FAS killing 4 -6 h after exposure in our system is currently unclear and will require further study.
In agreement with a role for bile acid-induced MAPK signaling in the control of cytoprotective protein expression, DCA treatment of hepatocytes increased expression of Bcl-XL , and c-FLIP-S/L . In the instance of c-FLIP, inhibition of DCA-induced MAPK signaling almost abolished c-FLIP expression. Increased MAPK signaling has been implicated in the control of Bcl-XL expression in keratinocytes (Jost et al., 2001) and Mcl-1 expression in other cell types (Leu et al., 2000) . Expression of c-FLIP isoforms has been shown to block death receptor-mediated cell killing in both T cells and E1A-transformed cells (Yeh et al., 1998) . Thus, it is possible that DCA-induced PI 3 kinase/MAPK signaling may inhibit parallel DCA-induced FAS death signaling by 1) blocking self-processing and activation of procaspase 8 in the DISC complex via c-FLIP-S/L (Holmstrom et al., 2000) , and 2) by blocking the downstream release of cytochrome c into the cytosol via Bcl-XL (Tzung et al., 1997) .
However, additional mechanisms besides those described above may also play a role in protecting hepatocytes from apoptosis. For example, it has been noted in fibroblasts that prolonged MAPK signaling can inhibit the ability of cytosolic cytochrome c to cause activation of procaspase 3 and apoptosis (Erhardt et al., 1999) . In epithelial tumor cells, and in part agreement with our findings, recent studies have also argued that signaling via the PI 3 kinase pathway plays a much greater role in the control of c-FLIP expression than MAPK pathway signaling (Panka et al., 2001) . It is probable that both DCA-induced PI 3 kinase and MAPK signaling is responsible for the increase in c-FLIP expression, as suggested by our data in Figure 3D . This effect may be due to a posttranscriptional stabilization of c-FLIP molecules, as was observed in primary hepatocytes for p21
Cip-1/WAF1/Mda6 (Park et al., 2000a,b) . Additional studies will be required to explore the interactions between MAPK and PI 3 kinase signaling, and their relative cytoprotective roles, after DCA treatment of hepatocytes.
Note Added in Proof
Since the submission of this manuscript, Kovalovich et al. (2001) showed that cytoprotective signaling by IL6 in hepatocytes versus FAS receptor activation correlates with increased c-FLIP and Bcl-XL levels. Takikawa et al. (2001) also showed that the potentiation of bile acid-induced apoptosis by PI 3 kinase inhibitors is due to a defect in cytoprotection at the level of the DISC complex, below the FAS receptor and upstream of procaspase 8, which is also suggestive of an involvement of c-FLIP expression being modulated.
